While significant progress has been made to advance our knowledge of microvascular lesion formation, yet the investigation of how stem-like cells may contribute to the pathogenesis of microvascular diseases is still in its infancy. We assessed whether the inhibitor of DNA binding and differentiation 3 (ID3) contributes to the acquisition of a molecular stem cell-like signature in microvascular endothelial cells. The effects of stable ID3 overexpression and SU5416 treatment -a chemical inducer of microvascular lesions, had on the stemness signature was determined by flow cytometry, immunoblot, and immunohistochemistry. Continuous ID3 expression produced a molecular stemness signature consisting of CD133 + VEGFR3 + CD34 + cells. Cells exposed to SU5416 showed positive protein expression of ID3, VEGFR3, CD34 and increased expression of pluripotent transcription factors Oct-4 and Sox-2. ID3 overexpressing cells supported the formation of a 3-D microvascular lesion co-cultured with smooth muscle cells. In addition, in vivo microvascular lesions from SuHx rodent model showed an increased expression of ID3, VEGFR3, and Pyk2 similar to SU5416 treated human endothelial cells. Further investigations into how normal and stem-like cells utilize ID3 may open up new avenues for a better understanding of the molecular mechanisms which are underlying the pathological development of microvascular diseases.
Introduction
Prevention and treatment of vascular complications remain a critical problem in the management of many microvascular diseases. It is becoming increasingly recognized that the pathogenesis of microvascular complications, as well as of several macrovascular diseases, includes disordered proliferation of endothelial cells (ECs). There is a strong correlation between susceptibility to micro-and macro-vascular complications, especially in patients with atherosclerosis contributing to renal disease, diabetic retinopathy, and cardiovascular disease (CVD). Furthermore, proliferative microvascular lesions that result from a focal budding of ECs and resemble a renal glomerulus are reported to be an aggressive angiogenic phenotype associated with a poor prognosis in glioblastoma multiforme, non-small cell lung cancer (NSCLC), and severe idiopathic pulmonary arterial hypertension (IPAH) (Rojiani et al., 1996; Tanaka et al., 2003; Tuder et al., 1994a) . The resemblance of EC proliferation of pulmonary plexiform lesions to cancer is supported by the fact that ECs in severe IPAH are monoclonal (Lee et al., 1998) . The hyper-proliferative, apoptosis-resistant, and monoclonal phenotype observed in ECs that form plexiform lesions has been put in the context of a quasi malignant process which conceptually can accommodate impairment of stem cell differentiation (Rai et al., 2008) . The theory that malignant transformation depends on a small population of stem-like cells for proliferation has received much attention, however, there have been few studies which support a pathogenic role for stem cells in vascular proliferative malformations.
There is some evidence that allude to a potential role of inhibitor of differentiation (Id) protein 3 in malignant stemness as well as angiogenesis. For instance, induction of ID3 and ID3-regulated cytokines has been reported to lead to the acquisition of glioma stem cell (GSC) characteristics and angiogenesis (Jin et al., 2011) . Since ID3 has been shown to be involved in VEGF-dependent EC proliferation (Sakurai et al., 2004) and based on the previous hypothesis that VEGF signaling mechanisms are associated with both plexiform and glomeruloid lesions ; it is biologically plausible that ID3 shares a common role in the development of microvascular lesions found in severe forms of PAH as well as in cancer. The transcription regulator ID3 was shown to be up-regulated in the pulmonary vasculature following prolonged exposure of rats to hypoxia (Lowery et al., 2010) and may affect BMP signaling and the proliferation of human pulmonary artery smooth muscle cells (Yang et al., 2013) . A number of recent publications associate endothelial progenitor cells and dysfunctional resident mesenchymal stem cells with vascular remodeling associated with PAH (Diller et al., 2010; Gambaryan et al., 2011; Chow et al., 2013) . Although direct evidence for the role of ID3 in microvascular lesion formation is lacking, the function of Id proteins to prevent cell commitment raises the question of whether ID3 may exacerbate the formation of microvascular lesions via its contribution to EC stemness.
Improved cell models are critical for understanding the pathogenesis of these types of vascular complications and for testing potential new prevention and treatment modalities for microvascular disease. Our laboratory has recently observed a significant decrease in apoptosis of human cerebral microvascular ECs that overexpress ID3 when compared to wild-type. We postulated that ID3 overexpression contributes to the acquisition of a molecular stem cell-like signature in human microvascular ECs and when cultured under specific conditions EC ID3+ stem-like cells develop lesions that morphologically resemble microvascular proliferative lesions found in other pathologies including cancers and IPAH. Therefore, we developed a stable endothelial cell clone that overexpressed ID3 and determined whether ID3 contributed to the acquisition of a molecular stem cell-like signature. The formation of microvascular lesions has been extensively studied using the SU5416/chronic hypoxia (SuHx) rodent model of severe PAH. A chemical antagonist of VEGFR1 and 2, SU5416, has been implicated in the growth of pulmonary endothelial lesions by expanding surviving CD34 + stem cell-like cells in vitro. Human CD133 + CD34 + cells that also express VEGFR3 were previously reported to constitute a phenotypically and functionally distinct population of endothelial stem cells. Therefore, we compared the following endothelial types EC wt and EC ID3+ to determine the effect of ID3 overexpression or exposure to SU5416-a chemical inducer of microvascular lesions had on the molecular stem cell-like signature.
Materials and Methods

Chemicals and reagents
The chemical SU5416, an inhibitor of VEGFR tyrosine kinase activity, was purchased from Sigma, St Louis, MO. For immunofluorescent imaging, antibodies labeled with Alexa Fluor ® dyes 633, 488, and 546 were purchased from Invitrogen Life Technologies, CA. For culture of ECs B27 ® serum-free supplement was also purchased from Invitrogen Life Technologies. All other reagents are mentioned in the following sections.
Cell culture
The human cerebral microvascular endothelial cell line HCMEC/D3 was obtained from Dr. B. Weksler, Weill Medical College of Cornell University, NY (Weksler et al., 2005) ; and will be referred to as endothelial wild-type cells (EC wt ) to make a distinction from our endothelial ID3 overexpressing clone (EC ID3+ ). The HCMEC/D3 cells have been shown to retain their EC characteristics with a stable normal karyotype, proliferate in response to endothelial growth factors, and form capillary tubes in matrix but no colonies in soft agar (Weksler et al., 2005) . The cells were maintained in DMEM-F12 media with B27 ® serumfree supplement. Human pulmonary artery smooth muscle cells (HPASMC) were obtained from Invitrogen Life Technologies and were maintained in DMEM-F12 with Smooth Muscle Growth Supplement (SMGS). Cells were cultured at 37°C in a humidified atmosphere with 5% CO 2 .
ID3 overexpressing endothelial cells
The HCMEC/D3 cells were transduced with either Precision LentiORF for ID3 (Thermo Scientific Open Biosystems) or empty vector lentiviral pLEX-JRED/TurboGFP by the translentiviral packaging kit with Express-in transfection reagent according to the manufacturer's instructions. We used the MOI (multiplicity of infection) of 25 and selected cells that overexpressed ID3 with blasticidin S (5μg/ml) as per manufacturer's instructions. Cells expressing TurboGFP were identified by fluorescence microscopy. Using this method, we cultured for 6 passages to generate a stable endothelial clone that overexpressed ID3 and named it EC ID3+ .
Fluorescence activated cell sorting (FACS)
After the staining, the cells were washed twice with stain buffer (BD Pharmingen) and analyzed using a Guava easyCyte flow cytometer (Millipore). For staining, 1 × 10 6 cells of either EC wt or EC ID3+ , were pelleted and incubated for 45 min at 4°C with the following antibodies: CD34-PE (BD Pharmingen, 581), CD133 FITC (eBioscience, 13A4) and biotin-FITC (Miltenyi Biotec), biotin conjugated VEGFR3 (eBioscience, AFL4). For cell cycle analysis, cells were harvested, rinsed with PBS, and fixed in suspension in 73% ethanol for 20 h at −20°C. After incubation at −20°C, the cells were washed with PBS containing 1% BSA, stained with PI (10 μg/ml) in PBS containing RNase A (250 μg/ml), and incubated at 37°C for 30 min in the dark before FACS analysis. Cell cycle distribution was analyzed with the Guava easyCyte ™ using the CytoSoft software program according to the manufacturer's instructions. The percent DNA content was determined by FACS analysis using PI staining.
Immunohistochemistry
For immunostaining cells were blocked with 3% normal goat serum at 4°C for 1h and then incubated with antibodies: anti-ID3 (Santa Cruz Biotechnology 2B11, SC-56712), anti-VEGFR3 (Santa Cruz Biotechnology M-20, SC-637), or anti-Pyk2 (Santa Cruz Biotechnology C-19, SC-1515) overnight at 4°C. After washing with 1X PBS, cells were incubated with anti-mouse-IgG Alexa Fluor ® 633 for ID3, anti-goat -IgG Alexa Fluor ® 488 for Pyk2, and anti-rabbit -IgG -Alexa Fluor ® 546 for VEGFR3, for 2 h. Cells were washed with PBS and then placed on cover slips with Fluoromount-G ™ slide mounting medium (Electron Microscopy Science, Hatfield, PA). For immunofluorescence studies of Oct-4 and Sox-2, cells were treated with SU5416. Next, magnetic-activated cell sorted (MACS) CD31 + cells were treated with SU5416 [5μM] treatment and grown in chamber slides for four days. For immunostaining cells were blocked with 3% normal goat serum at 4°C for 1h and then incubated with antibodies: anti-CD31 (Santa Cruz Biotechnology, PECAM-1, H-3, SC-37664), anti Oct-4 (Cell Signaling Technology, 2750S), or anti Sox-2 (Santa Cruz Biotechnology Y-17, SC-17320) overnight at 4°C. After washing with 1X PBS, cells were incubated with anti-mouse-IgG Alexa Fluor ® 633 for CD31, anti-goat -IgG Alexa Fluor ® 488 for Sox-2 and anti-rabbit-IgG Alexa Fluor ® 546 for Oct-4 for 2h. Cells were washed with PBS mounted with Fluoromount-G ™ reagent. For immunofluoresence of spheroids, approximately 100 spheres were fixed with 4% paraformaldehyde in 1% Triton X-100, washed in PBS, serially dehydrated in methanol (25%, 50%, 75%, 95% & 100%). Then spheroids were rehydrated in descending percentage of methanol and washed in PBS. Spheroids were incubated in 3% normal goat serum (Vector Lab, Burlingame, CA) at 4°C for 24h and washed in PBS with 0.5% Tween 20 (PBST). Next, spheroids were incubated with primary antibodies anti-Sox-2 (Santa Cruz Biotechnology Y-17, SC-17320), and antiOct-4 (Cell Signaling Technology, 2750S) for 48h at 4°C, washed in PBST and incubated with anti-rabbit-IgG Alexa Fluor ® 546 for Oct-4 and anti-goat-IgG Alexa Fluor ® 488 for Sox-2. Spheres were mounted in chamber slides and fluorescence staining analyzed. All samples were analyzed using a Nikon C1 laser scanning confocal microscope.
Immunofluorescence of ID3, CD34, αSMA, CD31, Oct4, or Sox2 positive cells was semiquantitatively evaluated by assigning a score for the intensity of the immunofluorescence (IF) and for the proportion of cells immunostained. The product of these two values was taken to give the overall IF (total score). The intensity of the immunofluorescence (intensity score) was stratified into four categories: 0, no IF; 1, weak IF; 2, moderate IF; and 3, strong IF. Higher than 1 IF was considered positive for ID3, CD34, αSMA, CD31, Oct4, or Sox2 in cells. We counted 100 immunofluorescent cells in each group. In control, cells that were scored 1 IF were counted and expressed as a percentage. In SU5416 group, cells that were scored 2 IF and 3 IF were counted and expressed as a percentage.
Cell differentiation
The EC ID3+ clone was grown for 7d in DMEM-F12 media with B27 ® serum-free supplement in ultra-low attachment plates followed by 3 days in culture media (DMEMF12 plus 5% FBS). This procedure was repeated 6 times for a total of 60 days under these conditions. Afterwards, EC ID3+ stem-like cells were maintained in culture media for 28 days in the control group. For differentiation, EC ID3+ stem-like cells were cultured in either SMGS plus DMEM-F12 or neurobasal media plus nerve growth factor-7S (Sigma), Glutamax, and N2 supplement for a total of 28 days. Cells were grown in LabTek(R) II 8 chambered #1.5 German coverglass system, NUNC (Thermo Fisher Scientific Inc.). We determined cell differentiation at days 7, 14, and 28 with antibodies-CD34 (control); α-smooth muscle actin (smooth muscle marker); and β-tubulin III (neuron marker). Nuclei were counterstained with DRAQ5 ® (Cell Signaling).
Western blotting
Whole cell lysates were prepared with lysis buffer containing [25 mM Tris-HCl buffer (pH 8.0), 150mM NaCl, 0.2% NP-40, 10% glycerol, 8 mM β-glycerophosphate, 2.5 mM sodium pyrophosphate, 10 mM NaF, 0.2 mM Na 3 VO 4 , 1 mM DTT and 10 μl/ml protease inhibitor cocktail (Sigma Aldrich). Proteins were quantified using the Bradford Assay Reagent (BioRad) according to the manufacturer's instructions. Proteins (35-75 μg) were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore). Membranes were blocked with 5% nonfat milk and incubated with the following antibodies: ID3 (Cal BioReagent), CD34 (Santa Cruz Biotechnology), and VEGFR3 (Santa Cruz Biotechnology). Membranes were then incubated with horseradish peroxidase-conjugated secondary IgG antibodies and visualized with ECL Plus Western blot reagents (GE Healthcare, Amersham). The membranes were re-probed for β-actin as loading control. Electrochemiluminescence (ECL) intensity of detected target proteins was imaged and quantified with a Bio-Rad Versa Doc instrument. All immunoblots were completed a minimum of three times for each experiment.
Endothelial spheroid and 3-D cell culture
Cells used for sphere assay were first magnetic-activated cell sorted (MACS) CD31 + endothelial cells. In brief, ECs were isolated using the Dynal MPC®-L Magnetic Particle Concentrator (Invitrogen Dynal AS, Oslo, Norway) and anti-CD31 conjugated magnetic Dynabeads® (Invitrogen Dynal AS) according to the manufacture's protocols. Concentrated CD31-positive ECs were suspended in serum-free stem cell medium containing DMEM/F12
(1:1) supplemented with B27 ® . For EC spheroid generation, approximately 100-150 cells per well were seeded in an ultra low-attachment 96-well plate (Corning Inc, Lowell, MA) with or without SU5416 treatment for four days. SU5416 was added on the day of cell seeding. For 3-D cell culture, equal proportions of EC and HPASMC were seeded in DMEM/F12 (1:1) containing B27 ® serum-free supplement. Next, EC spheroids were transferred into a cell culture insert precast with collagen matrix and reduced growth factor Matrigel for a 24-well plate (Corning Inc, Corning, NY). The DMEM/F12 serum-free B27 ® medium was carefully added into the cell culture insert, placed into the 24 well plate and incubated at 37°C for 90 days. Culture medium was replenished every 15 days.
Preparation of histological tissues
The 3-D microvascular lesions were harvested after 90 days followed by routine paraffin embedding, histological processing and staining. In brief, paraffin embedded spheroid sections were placed in xylene for 10 min and then the slides were gradually re-hydrated in successive steps with ethanol (100%, 95%, 70%) and PBS, pH 7.4. Next, the slides were stained with hematoxylin solution (Mayer, Fluka Biochemika), washed with PBS, and dehydrated in methanol (25%, 50%, 75%, 95%). After 95% methanol, we stained the slides in eosin (Fisher Scientific) and immersed the slides in 95% methanol to remove excess stain followed by 100% methanol for 10 min. The stained sections were then mounted with a cover glass using Permount (Fisher Scientific).
Immunohistochemistry of 3-D microvascular lesions
Slides of tissues generated by the 3-D cell culture were histologically prepared for microscopy as described previously. For immunofluorescence imaging studies, slides were incubated with primary antibodies anti-CD34 (Santa Cruz Biotechnology C-18, SC-7045), α-SMA(Santa Cruz Biotechnology B-4, SC-53142), and anti-ID3 (Santa Cruz Biotechnology C-20, SC-490) for 12h at 4°C, washed in PBST, and incubated with antimouse-IgG Alexa Fluor ® 633 for α-SMA, anti-goat-IgG Alexa Fluor ® 488 for CD34, and anti-rabbit-IgG Alexa Fluor ® 546 for ID3 for 12h. After washing, cells were mounted and samples were analyzed using a Nikon C1 laser scanning confocal microscope.
Immunohistochemistry of in vivo pulmonary vascular lesions
In vivo pulmonary arterial lesions were generated by the combination of SU5416 treatment and chronic hypoxia as described previously (Taraseviciene-Stewart et al., 2001) . Lung vasculature tissues were obtained from our collaborator, Dr. Norbert F. Voelkel, MD, Professor of Pulmonary Research and Director of the Victoria Johnson Center for Obstructive Lung Diseases. The experimental protocol was approved by the Animal Care and Use Committee of the Virginia Commonwealth University, Richmond, VA. In brief, rats were given a single dose of 20 mg/kg of SU5416 on day 1 and were then exposed to 3 weeks of hypoxia as described previously (Taraseviciene-Stewart et al., 2001) . Controls included vehicle alone and exposure to hypoxia. The methods for immunohistochemistry (triple labeling) of lung vascular lesions with ID3, VEGFR3, and Pyk2 are similar to what was described in the immunofluorescence cell staining section. All tissue samples were analyzed using a Nikon C1 laser scanning confocal microscope.
Statistical analyses
All statistics were performed using VassarStats statistical software (Richard Lowry, Poughkeepsie, NY, USA). One-way analysis of variance (ANOVA) was performed to detect any differences between groups. If the result of the ANOVA is significant, pair wise comparisons between the groups were made by a post-hoc test (Tukey's HSD procedure).
Results
ID3 induces a molecular stem cell-like signature in microvascular cells
Endothelial stem/progenitor cells have been reported in circulating peripheral blood while there is also evidence for endothelial stem cells that reside locally in the endothelium of the vessel wall. Given the biological significance of Id proteins for the maintenance of stemness, we asked whether overexpression of ID3 could induce a molecular stem-cell like signature in adult microvascular ECs. To address this question, adult human microvascular ECs were transduced using a MOI of 25 with either the Precision LentiORF for ID3 overexpression or control empty lentiviral vector pLEX-JRED/TurboGFP according to the manufacturer's instructions. Cells were then seeded at clonal density and selected with blasticidin S (5μg/ ml).
Vascular remodeling in the lungs of patients with IPAH was reportedly associated with elevated levels of circulating CD133 + CD34 + stem cell-like endothelial progenitor cells. To determine whether EC ID3+ acquire a molecular stem cell like signature, we performed flow cytometry. We first determined the effect of ID3 on the cell surface expression of stem cell marker CD133 in cells that were positive for endothelial marker CD34 by two color flow cytometry. Figure 1A is a representative flow cytometry data analysis of EC wt and EC ID3+ , respectively. In the ID3 overexpressing cells, we observed that approximately 36% of the total cell population was positive for stem-cell markers CD133 and CD34 compared to only 5% in the wild-type cell population (Fig. 1C ). This increase in CD133 + CD34 + cells in the EC ID3+ population was statistically significant. Currently, there is no agreement about which combination of cell surface markers (i.e. CD133 + VEGFR2 + CD34 + ) best identify a population of endothelial stem cell-like cells. Human CD133 + CD34 + cells that also express VEGFR3 were reported to constitute a phenotypically and functionally distinct population of endothelial stem cells (Salven et al., 2003) . Therefore, we determined VEGFR3 expression in EC ID3+ (Fig. 1B) . As shown in Fig. 1D , we observed that approximately 36% of the total EC ID3+ population was positive for endothelial stem markers VEGFR3 and CD34 compared to only 7% in wild-type cells (Fig. 1D ). The increase in VEGFR3 + CD34 + cells in the EC ID3+ population was statistically significant. Taken together these results show a significant CD133 + VEGFR3 + CD34 + -molecular stem cell-like signature in the EC ID3+ population.
As stem cells mature, they spend less time in G 0 /G 1 phase due to a more robust proliferative ability as they move toward terminal differentiation. Proliferative quiescence is a state observed in stem cells which reside longer in the G 0 /G 1 phase of the cell cycle; and it has been hypothesized that quiescence may prevent against the depletion of the stem cell population. Since ID3 is a known inhibitor of differentiation, we postulated that EC ID3+ may show increased proliferative quiescence. Therefore, we asked the question of whether ID3 increased the number of cells distributed in the G 0 /G 1 phase of the cell cycle as a biological indicator of proliferative quiescence. In Fig. 2A , FACS data shown are representative histograms from three independent experiments showing the effect of ID3 overexpression compared to wild-type ECs. Our flow cytometery experiments revealed that approximately 71% of the DNA content in EC ID3+ resided in the G 0 /G 1 phase compared to only 58% of the wild-type cells. Thus, EC ID3+ showed a statistically significant 1.2-fold increase in G 0 /G 1 phase cells (Fig. 2B) . The percentage of DNA content in S phase decreased from approximately 11% in EC wt to 6% in EC ID3+ . Thus, ID3 significantly reduced the number of cells in S phase by more than 0.5-fold (Fig. 2B) . The EC ID3+ also showed a similar decrease in % DNA content in G 2 /M phase from approximately 9% in wild-type cells to 5% in the EC ID3+ population (Fig. 2B) . Our data suggest that in the EC ID3+ population there is a significant increase in the number of cells that reside in the G 0 /G 1 phase which is indicative of proliferative quiescence. Since a higher proliferative capacity may exhaust a stem cell population, this observed increase in G 0 /G 1 phase by EC ID3+ may help to maintain a stem cell-like state by slowing cell cycle progression.
Microvascular cells treated with SU5416 show positive protein expression of ID3 and VEGFR3
The formation of microvascular lesions has been extensively studied using the SU5416/ chronic hypoxia (SuHx) rodent model of severe PAH (Taraseviciene-Stewart et al., 2001; Oka et al., 2007) . A chemical antagonist of VEGFR1 and 2, SU5416, has been implicated in the growth of pulmonary endothelial lesions by expanding surviving CD34 + stem cell-like cells in vitro. Whether SU5416 treatment can lead to the expression of a molecular stem cell-like signature just as we observed in the EC ID3+ has not been reported. Furthermore, it has not been determined whether VEGFR1/2 blockade by SU5416 treatment may actually increase the expression of other VEGF receptor family members (Nicolls et al., 2012) . We have previously shown increased VEGFR3 expression in CD34 + cells from EC ID3+ population (Fig. 1B) . Since SU5416 treatment is suspected of expanding a CD34 + stem celllike population which could participate in the formation of the pulmonary microvascular lesions found in the SuHx rodent model of severe PAH, we determined whether SU5416 treatment would increase VEGFR3 expression in EC wt . The wild-type ECs were treated with SU5416 [3μM] for 3h. As shown in the representative immunofluorescent images (Fig.  3A) , SU5416 treatment increased both VEGFR3 and ID3 expression when compared to the vehicle control cells. SU5416 treatment showed a statistically significant increase in both VEGFR3 + and ID3 + immunostained cells of approximately 65% and 44%, respectively, compared to less than 5% in the vehicle control. Next, we confirmed the results from the immunofluorescent experiments by measuring the protein levels of ID3, VEGFR3, and CD34 induced by SU5416 treatment. Western blots showed that SU5416 treatment increased the relative ratio of ID3 greater than 5-fold and VEGFR3 greater than 15-fold compared to control (Fig. 3C ). Our results also showed an approximate 10-fold increase in the protein level of endothelial marker CD34. We find it interesting that SU5416 chronic treatment had been previously reported to provide a selection pressure resulting in an increase in CD34 + cell population that trans-differentiated into smooth muscle (SM)-like and neuronal-like cells. In contrast, our experiments showed that short-term exposure to SU5416 of 3h significantly increased cellular levels of CD34; this cannot be explained by selection pressure. The increased expression of ID3, VEGFR3, and CD34 induced by SU5416 treatment aligns in a pattern of an angiogenic signaling pathway because all three proteins have been reported to be associated with new vessel formation.
Dysfunctional bone morphogenetic protein (BMP) signaling has been implicated in IPAH (Spiekerkoetter et al., 2013) . We were intrigued by a study that showed BMP treatment differentially up-regulated proline rich tyrosine kinase 2 (Pyk2) in pulmonary artery cells from patients with severe IPAH compared to normal subjects (Fantozzi et al., 2005) . Pyk2 is particularly abundant in lung and brain tissues; and Pyk2 kinase activity is reported to control pulmonary vascular EC spreading, migration, morphogenesis, as well as pulmonary vein and artery angiogenesis ex vivo. Therefore, the next set of experiments addressed the question of whether Pyk2 expression was also affected by exposure to SU5416. As shown in Fig. 3A , SU5416 treated EC wt showed an increased number of cells that immunostained Pyk2 + to approximately 70% (Fig. 3B ). This increase in Pyk2 expression by SU5416 in the human ECs may help to bridge a mechanistic signaling link between the previously reported abnormal Pyk2 up-regulation observed in the cultured ECs of IPAH patients and the wellestablished SuHx animal model of PAH.
Microvascular cells treated with SU5416 express pluripotent transcription factors Oct-4 and Sox-2
Exposure to SU5416 has been shown to select for cells that express the stem cell marker CD34 that were differentiated into SM-like and neuronal-like cells (Sakao et al., 2007) . Our present experiments showed increased ID3 expression from SU5416 treatment (Fig. 3C) and we suspect that SU5416 may contribute to stemness by modulating pluripotent transcription regulators such as ID3. The continuous expression of Oct-4 and Sox-2 in fetal ECs has been reported to induce pluripotency. More recently we have identified increased Oct-4 + cells within pulmonary microvascular lesions and the surroundings of remodeled vessels at 7 weeks in the SU5416 treated rodent model of PAH. Consequently, next we determined whether exposure to SU5416 could elicit the expression of Oct-4 and Sox-2 in human microvascular ECs as we previously observed with ID3. EC wt was treated with SU5416 [5μM] for 3h and then cultured in fresh media for four days. In Fig. 4A , representative images of immunofluorescent stained Oct-4 + and Sox-2 + EC wt showed that SU5416 treatment dramatically increased the expression of these transcription factors. Approximately 90% of the EC wt treated with SU5416 were Oct-4 + and Sox-2 + compared to vehicle control which was statistically significant (Fig. 4B) . In addition, the cells stained 90% positive for CD31 which is a known marker found in EC stem cell-like cells (Fig. 4B) . Interestingly, our data showed that SU5416 exposure resulted in a robust expression of pluripotency characterizing factors at day 4 even while the cells had only been exposed to the VEGFR blocker for 3h. One possible explanation for the long-lasting induction of these molecules by a 3h chemical exposure is that ECs concentrate SU5416. For example, a 2h exposure to 4 μM of SU5416 has been shown to produce an intracellular concentration of 450 μM in the HUVEC cell line (Mendel et al., 2000) . Thus, the sustained induction of Oct-4 + and Sox-2 + expression following an acute exposure is likely the result of the SU5416 being retained in ECs even when it has been removed from the culture medium.
Sphere-forming assays are widely used in stem cell biology to culture cells under nonadherent conditions in order to characterize stemness. Colony forming units of ECs are typically enriched in CD34 + CD133 + cells. Intriguingly, colony forming ECs from individuals with IPAH have been shown to produce large cell clusters and angioproliferative lesions in the Matrigel Plug xenograft model. As an alternative to our experiments in monolayer cultures (Fig. 4) , we cultured ECs using a sphere forming assay in order to verify whether SU5416 induced Oct-4 and Sox-2 in a more homogeneous population of stem celllike cells. The sphere forming assay has been widely used to select for stem cell-like cells under serum-free culture conditions. Since each sphere is derived from a single cell and therefore clonal, the more stringent cell selection conditions that arise from SU5416 treatment in conjunction with the sphere forming assay allowed us to examine an association of clonal cell growth with the stemness profile so far identified. Prior to the sphere assay, wild-type endothelial cells were enriched by magnetic-activated cell sorting for CD31 + cells. Next, EC wt were seeded at clonal density and cultured as spheroids in DMEM-F12 B27 ® serum-free media with or without SU5416 treatment as described previously in the Materials and Methods Section. Diameter was measured using a total of 15 endothelial spheroids with a minimum diameter of 70μm were counted in each experimental group. Data were analyzed by ANOVA; Tukey HSD test for multiple comparisons. In Fig. 5A , immunofluorescence staining of Oct-4 and Sox-2 was significantly greater in SU5416 treated cells and confirmed our previous data of EC wt cultured as a monolayer (Fig. 4A) . The EC spheroid consisted of an acellular core in the vehicle control experiments (Fig. 5A, top row) as expected when the EC wt are cultured under serum-free conditions. In clear contrast, the EC wt spheroids treated with SU5416 showed a significant growth (diameter) increase at days 2 and 4 when compared to vehicle controls (Fig 5B) . Unlike the previous studies where SU5416 treatment of EC wt grown as a monolayer selected for a CD34 + endothelial stem cell-like population, the sphere forming assay under serum-free conditions selects for a VEGFR blockadetriggered homogeneous population of stem cell-like cells. This is an important novel finding. The observed increase in spheroid diameter correlated with a robust expression of Oct-4 and Sox-2. Taken together, our findings suggest that SU5416 exposure may not only expand a population of CD34 + endothelial stem cell-like cells as a consequence of VEGFR1 and 2 blockade, but additionally or alternatively activate biological pathways that increase the expression of pluripotent signaling molecules. Chemical-induced reprogramming has been shown by others to be a novel approach to generate pluripotent stem cells (Li et al., 2011) . Whereas the continuous expression of ID3 and Oct-4 can reprogram mouse embryonic fibroblasts into neural stem cells (Moon et al., 2012) , the chemical induction of pluripotent transcription factors in adult human microvascular ECs by SU5416 treatment under conditions of the sphere assay has not been previously reported. This result leads us to postulate that SU5416 exposure may contribute to the growth of stem cell-like cells by inducing pluripotent factors: ID3, Oct-4, and Sox-2.
EC ID3+ stem-like cells display a pluripotent morphology
Since our previous data showed that ID3 induced a molecular stem cell-like signature, we further determined whether the EC ID3+ clone was morphologically pluripotent. To determine pluripotency, we generated EC ID3+ stem-like cells as described in the Materials & Methods section. Next, the EC ID3+ stem-like cells were seeded in monolayer and cultured with either neuronal or smooth muscle differentiation medium. At 7 days the EC ID3+ stemlike cells were assessed by phase-contrast microscopy for morphological changes. As shown in Fig. 6A , the untreated EC ID3+ stem-like cells appeared as a monolayer of cuboidal, broad, flat cells. After 7 day treatment with smooth muscle differentiation medium, the stem-like ECs began to show a heterogeneous phenotype of both cuboidal cells as well as the characteristic elongated spindle shape of a VSMC (Fig. 6A) . Likewise after neuronal induction, EC ID3+ stem-like cells displayed changes in morphology including shrinkage of cytoplasm, formation of axon-and dendrite-like cytoplasmic projections (Fig. 6A) . Cell differentiation markers were determined using immunofluorescence at days 7, 14, and 28. For immunofluorescence imaging studies, slides were incubated with primary antibodies anti-CD34, α-smooth muscle actin (α-SMA), and β-tubulin III. As shown in Fig. 6B , smooth muscle-like cells immunostained positive for the α-SMA; and negative for both neuronal marker β-tubulin III and endothelial stem cell marker CD34. The immunofluorescence images indicated that these cells persisted to show an elongated spindle shape beyond 7 days. Furthermore, we observed the following morphological changes of a shrinking cytoplasm and a more rounded nuclei compared to the untreated EC ID3+ stem-like cells. As shown in Fig 6B, neuronal-like cells immunostained positive for neuronal marker β-tubulin III; and negative for both markers CD34 and α-SMA. Immunofluorescence images of neuronal differentiation (Fig. 6B) showed that the cytoplasm of EC ID3+ stem-like cells began to retract toward the nucleus, forming contracted cell bodies with extended cytoplasmic extensions. Beyond 7 days, the EC ID3+ stem-like cells treated with neuronal differentiation media continued to form contracted cell bodies with extended cytoplasmic extensions. These extensions morphologically resembled axon-and dendrite-like processes up to 28 days. Although these histological changes consistent with smooth muscle and neuronal differentiation were seen in EC ID3+ stem-like cells, they do not show that these cells are, in fact, functional SMCs or neurons. These results however do confirm that the EC ID3+ stem-like cells are morphologically pluripotent under these specific conditions.
EC ID3+ stem-like cells form a 3-D microvascular lesion
Based on the morphological pluripotency of EC ID3+ stem-like cells, we postulate that these endothelial stem-like cells may serve as a human model system for studying microvascular lesions. Our FACS analysis of EC ID3+ indicated that overexpression of ID3 increased the levels of VEGFR3. Interestingly, VEGFR3 is reported to be highly expressed on glioma tumor endothelium (Grau et al., 2007) ; and we recently communicated that VEGFR3 signaling contributes to angioobliterative pulmonary hypertension (communicated, Ayers et al. Pulmonary Circulation) . Taken together, this data is consistent with the hypothesis that EC ID3+ stem-like cells have utility in the study of microvascular lesions involved in other pathologies such as pulmonary plexiform lesions. For instance, morphologically and immunohistochemically, the plexiform lesion present in severe pulmonary hypertension was reported to resemble the neovascularization associated with the brain tumor glioblastoma multiform (Tuder et al., 1994a) . To determine whether EC ID3+ stem-like cells may serve as a human model of microvascular lesions, we cultured EC ID3+ stem-like cells with pulmonary arterial SMCs to mimic an in vitro 3-D pulmonary microvascular lesion.
Cell culture assays that stimulate the differentiation of ECs into capillary-like tubes are usually performed on 3-D matrices consisting of fibrin, collagen or Matrigel that mimic the in vivo environment. Based on our previous findings that showed ID3 overexpression significantly increased a molecular stem cell-like signature of CD133 + VEGFR3 + CD34 + , we evaluated the differentiation capacity of these cells when cultured with pulmonary arterial SMCs using a modified 3-D culture protocol (Kalabis et al., 2012) . Figure 7A shows a diagrammatic representation of the protocol used to prepare the 3-D microvascular lesions. Briefly, equal proportions of cells from either EC wt or EC ID3+ were seeded with SMCs in serum-free B27 ® supplemented DMEM-F12. After formation of EC/SMC spheroids, the spheroids were transferred into pre-cast collagen matrix and Matrigel containing transwell inserts. Next, serum-free DMEM-F12 supplemented with B27 ® was used to fill transwell carriers containing the inserts and incubated at 37°C for 90 days with a fresh change of medium every 15 days. After allowing the EC/SMC spheroids to self-organize and grow for 90 days, 3-D cell cultures were harvested and processed using routine paraffin embedding and histological staining techniques. Under these conditions spheroids cultured with EC wt did not survive for more than 15 days and there was no tube formation (data not shown). However, spheroids containing cells from the EC ID3+ developed capillary-like structures. Figure 7B shows a representative phase photograph of a tube-like structure (blue arrow) connected to a spheroid (red arrow). The number of tube structures in EC ID3+ /SMC spheroids gradually increased during the 90 day time period as shown in Fig. 7C . Although the EC wt /SMC culture did not survive to form spheroids, our data suggest that ID3 may give ECs an advantage in surviving serum-free 3-D culture. If EC spheroids are not exposed to growth factors such as in our serum-free conditions, it has been demonstrated that the center cells undergo apoptosis leaving an EC spheroid consisting of an acellular core (Korff et al., 1998) . This may explain why the EC wt did not survive as they were not in a proliferative quiescent state and relied heavily on growth factors. Upon histological examination, the tube-like structures showed a well-defined and robust cord (Fig. 7D) . The small circular morphology of the ECs are indicated by the green arrow while the bigger spindle shaped SMCs are shown by the black arrow. As shown in Fig. 7E , the morphology of the 3-D microvascular lesion resembled a glomeruloid body with lumen-like structures. This cross-sectional view of the lesion showed a viable and intact cellular core from which the tube-like structures originate. The endothelial nature of tube structures as well as the contribution of SMCs was confirmed by staining for the endothelial marker CD34 and the SMC marker α-SMA. As shown in the immunofluorescence image (Fig. 7F) , SMCs organized mainly along the tube-like structures while the majority of ECs composed both the spherical core as well the tube-like structures. Approximately, 45% of the cells immunostained positive for the SMC marker and 90% stained positive for the EC marker (Fig. 7G) . These findings suggest that the SMCs terminally differentiated or could not proliferate in the serum-free conditions based on the initial equal cell seeding ratio of EC/ SMC. Although ID3 overexpression did not prevent the differentiation of ECs into tube-like structures, our findings suggest that ID3 overexpression prevented the terminal differentiation of a core of ECs that was able to support the growth of a glomeruloid microvascular lesion and tube-like structures for the entire 90 day period. Thus, EC ID3+ stem-like cells plus their progeny eventually outnumbered the SMCs by the end of the experiment. Our results show that under these culture conditions, EC ID3+ stem-like cells can form a 3-D microvascular lesion that morphologically resemble glomeruloid microvascular lesions that have been reported in glioblastoma multiform and plexiform lesions of IPAH.
In vivo pulmonary vascular lesions overexpress ID3, VEGFR3, Pyk2
Our previous experiments with SU5416 treated EC wt showed a significant increase in the expression levels of ID3, VEGFR3, and Pyk2. SU5416 treatment plus chronic hypoxia of rodents is a well-known model of severe PAH that produces plexiform lesions that closely resemble those found in humans (Taraseviciene-Stewart et al., 2001) . To determine whether formation of pulmonary vascular lesions caused by SU5416 plus chronic hypoxia treatment in rodents affected the level of these markers, we performed immunohistochemistry on lung tissue from rodents using antibodies for ID3, VEGFR3, and Pyk2. As shown in Fig. 8A , the cells that line the lumen of the pulmonary artery in both the vehicle control and the chronic hypoxia groups form a uniform monolayer. In contrast, the cells lining the lumen from the SU5416-treated lung exposed to chronic hypoxia for 3 wk were piled on top of each other leading to lumen obliteration. In the endothelial lesions from the SuHx treated lungs, we observed that approximately 80% of the cells expressed ID3, VEGFR3, and Pyk2 compared to only 10% of the cells in the control animals. In the 3 week chronic hypoxia group, we observed that approximately 50% of the cells expressed all three markers. As shown in Fig.  8B , expression of all three markers was significantly higher in the SU5416 + hypoxia treatment group compared to hypoxia alone group.
Discussion
Many investigators and laboratories have made important contributions which have greatly advanced our knowledge of the cellular and molecular mechanisms which control the development of microvascular lesions (Hassoun et al., 2009 ); yet the investigation of stem cells and their roles in vessel remodeling is still in its infancy. Our study showed that ID3 contributes to the acquisition of a molecular stem cell-like signature in human microvascular ECs and when cultured under specific conditions EC ID3+ stem-like cells formed a 3-D microvascular lesion that morphologically resembled glomeruloid microvascular lesions known to be found in other pathologies including glioblastoma, NSCLC, and IPAH (Rojiani et al., 1996; Tanaka et al., 2003; Tuder et al., 1994a) . Based on the morphological pluripotency of EC ID3+ stem-like cells, we postulate that these endothelial stem-like cells may serve as a human model system for studying microvascular lesions. In this study, we compared the following endothelial types EC wt and EC ID3+ and determined the effects of ID3 overexpression or exposure to SU5416-a chemical inducer of microvascular lesions had on the molecular stemness signature. The major findings of our investigations are: (i) continuous expression of ID3 produced a molecular EC stemness signature consisting of CD133 + VEGFR3 + CD34 + cells; (ii) EC wt exposed to the VEGFR1/2 inhibitor-SU5416 showed positive protein expression of ID3, VEGFR3, CD34; (iii) EC wt exposed to SU5416 showed increased expression of pluripotent transcription regulators ID3, Oct-4, and Sox-2; (iv) EC ID3+ stem-like cells supported the formation of a 3-D microvascular lesion cocultured with SMCs; and (v) in vivo microvascular lesions induced by SU5416 plus chronic hypoxia in rodents showed an increased expression of ID3, VEGFR3, and Pyk2 similar to exposed EC wt .
Given the biological significance of Id proteins in stemness, we asked whether overexpression of ID3 would produce in ECs a molecular signature of stemness. In our studies we showed that either continuous ID3 overexpression or SU5416 treatment altered the levels of stemness markers in ECs. Our data show that ID3 lead to the expression of CD133 + CD34 + cells that also express VEGFR3, a molecular signature previously reported to identify endothelial stem cells (Salven et al., 2003) . Our results also illustrate that the expression of the pluripotent transcription regulators ID3, Oct-4, and Sox-2 may be novel molecular targets of SU5416. This finding is significant in that it points toward a potential mechanism of chemical-induced stemness in not only the SuHx model of microvascular lesion formation, but also towards the role of environmental exposures in re-programming vascular cells to a more stem cell-like state. In support of this idea, others have already shown that the continuous expression of ID3 and Oct-4 de-differentiated mouse embryonic fibroblasts into neural stem cells (Moon et al., 2012) . Our study lends support for the role of ID3 in stemness as demonstrated with EC ID3+ morphologically differentiated into neuronal -and smooth muscle-like cells. Our results show that EC wt exposed to SU5416 had increased expression of transcriptional regulators ID3, Oct-4, and Sox-2. As mentioned earlier SU5416 has been reported to expand a population of stem-like cells in the formation of microvascular lesions; however, our findings are novel in that we show pluripotent transcription factors and stemness markers expressed within only 3h of chemical exposure in human vascular cells. SU5416 exposure appears to directly alter biological pathways that increase the expression of pluripotent signaling molecules in addition to or alternatively to the expansion of an existing population of vascular stem cells.
Our findings indicate that EC ID3+ stem-like cells may serve as a human model of microvascular lesions. In this study, we showed similarities in the molecular signature shared between an in vitro 3-D human microvascular lesion formed from EC ID3+ /PASMC cell culture and in vivo microvascular lesions from a rodent model of severe PAH. It is probable that several cell types and perhaps several precursor and stem cells contribute to the angioobliterative remodeling in PAH. Yet because of the early emphasis on exuberant EC growth in idiopathic PAH and the concept that "primitive angioformative cell commit to differentiate into endothelial cells" (Tuder et al., 1994b) we have postulated on ECs as one cell of origin of microvascular lesions because EC stem-like cells can be involved in repairing vascular injury. Using a novel 3-D, we demonstrated that ID3 was essential for EC stability and 3-D microvascular lesion formation. The EC ID3+ sustained the growth of glomeruloid microvascular lesions in a 3-D cell culture model for up to 90 days, however, it is unclear how ID3 overexpression sustained the prolonged growth of this vascular lesion. Cell cycle analysis revealed that EC ID3+ resided more in the G 0 /G 1 phase and because a higher proliferative capacity may exhaust the stem cell population, our observed increase in G 0 /G 1 phase by ID3-thus may help to support our concept of stemness by slowing cell cycle progression down. Although we used the EC ID3+ stem-like cells to model pulmonary microvascular lesions, the significance of using EC with a stem cell-like molecular signature is in its application to study other pathological processes associated with the microvascular lesion formation. Furthermore, this model may allow for studying the early processes involved in the development of the vascular lesion.
A large number of environmental factors can potentially influence and de-regulate reactive oxygen species (ROS) mediated signaling which may contribute to abnormal vascular development or de-differentiation. We hypothesize that switch in the molecular stemness profile of ECs may occur during the development of angioproliferative lesions found in severe forms of PAH. Based on our EC culture data we expected to see an increase in VEGFR3 expression (a marker of endothelial stem-like cells) in microvascular lesions of the SuHx model, but not an increase in its expression due to hypoxia alone. VEGFR3 activation by ROS has been reported to promote survival of ECs exposed to oxidative stress (Wang et al., 2004) , and it may be a response to oxidative stress that led to the observed increase in VEGFR3 expression of rats exposed to hypoxia alone. Importantly, SU5416-induced expression of ID3, VEGFR3, and Pyk2 occurred both in vitro in the human cells and the rat microvascular lesions. A detailed exploration of the mechanisms whereby these molecules participate in vascular lesion formation will be necessary. Activation of VEGFR3 leads to the phosphorylation of Pyk2 which is involved in the coordination of cell growth (Liu et al., 1997) . ID3 and Pyk2 are redox sensitive molecules and an increase in their individual expression could be due to oxidative stress that is already known to be generated during the 3wk chronic hypoxia treatment (Hoshikawa et al., 2001) . Several lines of evidence support this observation. The non-receptor protein tyrosine kinase Pyk2 is activated by ROS in vascular cells while redox signaling has been shown to control ID3 gene expression and protein phosphorylation (Frank et al., 2000; Mueller et al., 2002; Felty et al., 2008) . Since other non-receptor tyrosine kinases have already been shown to regulate Id expression (Gautschi et al., 2008) , we postulate that ID3 may be a novel target of Pyk2 signaling that is triggered by oxidative stress. Thus, reprogramming of ECs to stem-like cells may be regulated in part by a redox sensitive VEGFR3→Pyk2→ID3 signaling pathway. Pluripotent transcription factors Oct-4 and Sox-2 are induced by SU5416 in microvascular ECs. Since in vivo SU5416 exposure was recently reported to produce Oct-4 + cells within lung vascular lesions, we determined whether Oct-4 and Sox-2 expression increased in EC wt when exposed to SU5416. Cells were treated with SU5416 [5μM] for 3h and then cultured in fresh media for four days. Cells were immunostained with antibodies against CD31 (blue), Oct-4 (red), Sox-2 (green). Co-localization of relevant molecules was performed by confocal microscopy after immunofluorescence staining. (A) Immunofluorescent detection of Oct-4, Sox-2, or CD31 in vehicle control (top row) and SU5416 treated cells (bottom row). Representative images are from one of three experiments. Scale bar = 70 μm (B) Percent of cells expressing each marker when exposed to SU5416. For each group, 100 immunofluorescent cells were counted. In control, the cells that were scored 1 IF were counted and expressed as a percentage. In SU5416 group, cells that were scored 2 IF and 3 IF were counted and expressed as a percentage as described in Materials and Methods section. EC wt exposed to SU5416 were approximately 90% positive for Oct-4 and Sox-2 compared to less than 10% in the vehicle control. There was 90% colocalization of endothelial marker CD31 with these transcription factors. The error bars represent the mean of expressed marker positive cells ± SD. The novel conditions of treating EC wt with SU5416 in the sphere forming assay was used to verify chemical-induced pluripotent transcription factors observed previously in monolayer culture. EC wt were seeded at clonal density and cultured as spheroids in DMEM-F12 B27 ® serum-free media with or without SU5416 treatment. Cells were immunostained with antibodies against Oct-4 (red) and Sox-2 (green). Co-localization of relevant molecules was performed by confocal microscopy after immunofluorescence staining. (A) Immunofluorescent staining of Oct-4 and Sox-2 in EC wt . Vehicle control is shown in top row with SU5416 treated cells below. Representative images are from one of three experiments. Scale bar = 70 μm (B) Graph of EC wt spheroid diameter vs. time. SU5416 treatment showed a significant increase in spheroid diameter at days 2 and 4 when compared to vehicle control. The error bars represent the mean of expressed marker positive cells ± SD. Images are from phase-contrast microscopy. EC ID3+ were cultured as spheroids for 7d followed by 7d monolayer culture with differentiation medium. For SMC-like morphology spheroids were cultured with DMEM-F12 containing SMGS (Gibco). For neuron-like cells spheroids were cultured with Neurobasal ® Medium (Gibco), StemPro ® Neural Supplement (Gibco) and NGF-7s (Sigma). Magnification X 200. (B) Cell differentiation markers were determined using immunofluorescence at days 7, 14, and 28. For immunofluorescence imaging studies, slides were incubated with primary antibodies anti-CD34, α-smooth muscle actin (α-SMA), and β-tubulin III. Nuclei were counterstained with DRAQ5 ® . Scale bar=20μm. Images were captured with DeltaVision ELITE Olympus IX71 fluorescence microscope, Applied precision (Thermo Scientific) using software softWoRx-Acquire Version: 5.5.1 Release 3.
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Fig. 7. EC ID3+ form 3-D microvascular lesions
In vitro microvascular lesion formation by EC ID3+ was determined in 3-D culture when grown with PASMCs. Both the EC wt and EC ID3+ were seeded with PASMCs to form EC/SMC spheroids that were then transferred into well inserts containing a pre-cast 3-D gel matrix. Next, well inserts were cultured at 37°C for 90 days with a fresh change of serumfree DMEM-F12 supplemented with B27 ® every 15 days. In vivo pulmonary vascular lesions overexpress ID3, VEGFR3, and Pyk2. Lung vascular lesions from the rodent SuHx model of severe PAH were stained with antibodies against: ID3 (blue), VEGFR3 (red), and Pyk2 (green) followed by immunofluorescent detection by confocal microscopy. (A) Both vehicle control and 3 wk chronic hypoxia treatment groups showed a uniform monolayer of cells lining the lumen of the pulmonary artery. SU5416-treated lungs exposed to chronic hypoxia for 3 wk (bottom row) showed a partially blocked lumen with cells stacked on top of each other instead of forming a monolayer. Representative images are from one of three lungs per group. Scale bar = 70 μm (B) Percent of cells expressing each marker amongst treatment groups when treated with vehicle control, hypoxia only, and SU5416 + hypoxia. Error bars represent the mean of expressed marker positive cells ± SD. ** p<0.01 vs. Control in normal/control (810), exposed in hypoxia and Sugen 5416/chronic hypoxia condition of lung tissue. Data were analyzed by ANOVA; Tukey HSD test for multiple comparisons.
